Hf
isotope signatures of the most significant reservoirs in the proterozoic crust from the Baltic Shield and/or mid-Proterozoic upper mantle and continental crust, and their evolution juvenile crust. New mantle-derived magmas were added to the crust through geological time (e.g. Patchett et al., 1981; Verat >1·48 Ga and in Sveconorwegian time. Late Sveconorwegian voort & Patchett, 1996; Blichert-Toft & Albarède, 1997 ; granites from the area west of the Oslo Rift have inherited zircons Vervoort & Blichert-Toft, 1999; Vervoort et al., 1999; with low 176 Hf/ 177 INTRODUCTION trace the lateral extent of early Proterozoic crust toward The lutetium-hafnium radiogenic isotope system gives the west, to examine the contributions of crustal and juvenile mantle sources to mid-and late-Proterozoic information that more or less duplicates that provided
GEOLOGICAL SETTING
and non-genetic nomenclature; it does not assign tectonostratigraphic terrane status to any of the units, which are Regional overview referred to as 'sectors' (Andersen & Knudsen, 2000) or The Precambrian continental crust of Norway south of 'segments ' (Lindström et al., 2001 ). Whether or not some the Caledonian thrust front (Fig. 1) is part of the Southor all of these represent terranes in a tectonic sense is west Scandinavian Domain (SSD) of the Baltic Shield still unclear. South Norway is transected by the late (e.g. Gaàl & Gorbatschev, 1987) . In the central and SW Palaeozoic Oslo Rift, which complicates reconstructions parts of the Baltic Shield, orogenic events have been of the Precambrian crust of the area (e.g. Berthelsen, identified in the periods 1·9-1·75 Ga (Svecofennian), 1980; Å häll et al., 1998; de Haas et al., 1999; Bingen et 1·75-1·55 Ga ('Gothian') , and 1·2-0·9 Ga (Sveconorwegal., 2001) . ian, i.e. Grenvillian; Gaàl & Gorbatschev, 1987; Gor- The area east of the Oslo Rift (the Østfold-Akershus batschev & Bogdanova, 1993) . A large, roughly northSector; ØA in Fig. 1 ) is a northward continuation of the south-trending belt of granitic intrusions and rhyolitic Western and parts of the Eastern gneiss segments of SW porphyries (the Trans-Scandinavian Igneous Belt; TIB)
Sweden (Lindström et al., 2000) , and consists of three was emplaced in the period 1·83-1·65 Ga (Gorbatschev major gneiss complexes (from south to north: the Østfold, & Bogdanova, 1993) , and separates the Svecofennian Romerike and Solør complexes; Fig. 1 ), which are sepprovince of Sweden in the east from 'Gothian' and arated by Sveconorwegian shear zones (Hageskov, 1980) . Sveconorwegian terranes in SW Scandinavia (Fig. 1 ,
The Østfold complex consists of metasupracrustal inset).
gneisses, associated with several generations of granitic Two contrasting tectonic models for the Southwest to tonalitic orthogneisses, interpreted as deformed inScandinavian Domain of the Baltic Shield have been trusions. Amphibolites, meta-rhyolites and metadiscussed in recent literature. In one of these, based sedimentary gneisses in the Østfold complex can be on a concept originally suggested by Berthelsen (1980) , correlated with the Stora Le-Marstrand supracrustals in present-day south Norway west of the Oslo Rift forms SW Sweden (Graversen, 1984) . The Romerike complex an exotic microcontinent, accreted onto the Baltic Shield consists of mid-Proterozoic migmatitic gneisses of possible sensu stricto in a collision event between 1·58 and 1·50 supracrustal origin, intruded by calc-alkaline granitoids Ga along a suture now masked by the Palaeozoic rocks (Berthelsen et al., 1996; Andersen et al., 2001c) , and the of the Oslo Rift (Å häll et al., 1998 , 2000 Å häll & Larson, Solør complex of >1·67 Ga and older TIB-equivalent 2000) . Critics of this model have emphasized the similarity potassic granites and associated supracrustal gneisses in geochronological and geochemical signatures across (Hjelle, 1963; Nordgulen, 1999) . The >1·67 Ga Odal the Oslo Rift and other potential suture zones in the granite is the southwesternmost representative of the region, which suggest that south Norway has been an TIB. integral part of the Baltic Shield since formation of the The Kongsberg Sector (K in Fig. 1 ) is characterized regional protoliths at 1·7-1·9 Ga (Knudsen et al., 1997a, by supracrustal rocks and granodioritic to tonalitic 1997b; de Haas et al., 1999; gneisses (the Kongsberg complex; KC in Fig. 1 ), meta-2000; Andersen et al., 2001a; Bingen et al., 2001) . The sediments (the Modum complex; MC in Fig. 1 ) and recognition of subduction-related igneous rocks formed granitic gneisses of uncertain origin (the Randsfjord comin the interval 1·6-1·52 Ga on both sides of the Oslo plex), listed in sequence from SW to NE ( Jacobsen, Rift is definite evidence that these areas all formed part 1975; Dons & Jorde, 1978; Jacobsen & Heier, 1978 ; of a single, destructive continental margin in the mid- Nordgulen, 1999 ; Fig. 1 ). Detrital zircon ages from Proterozoic (Andersen et al., 2001c) . These workers have metasediments suggest that supracrustal rocks in the therefore preferred variations on a tectonic model oriModum and Kongsberg complexes can be correlated ginally suggested by Torske (1985) , in which parts of with their equivalents in the Bamble Sector and the south Norway have been displaced southwards along the Østfold complex, respectively (Nordgulen, 1999 ; Bingen margin of the Baltic Shield during the Sveconorwegian et al., 2001) . The western boundary of the Kongsberg orogeny (Starmer, 1996; de Haas et al., 1999; Bingen et Sector is defined by a Sveconorwegian shear zone Andersen et al., 2001c) .
Kongsberg-Telemark boundary or KTB in Fig. 1 ).
The central and northern parts of the Telemark Sector
The Precambrian of south Norway (T in Fig. 1 ) are made up of well-preserved volcanic rocks and clastic metasediments, metamorphosed in the The Precambrian crust of south Norway is divided into several domains, separated by major Sveconorwegian greenschist to lower amphibolite facies (the Telemark supracrustals; Dons, 1960; Sigmond et al., 1997) . Two group were deposited in extensional basins interpreted as a continental rift by Sigmond (1997) and Sigmond et supracrustal sequences with distinct ages (>1·5 Ga and >1·15 Ga, respectively) are recognized in this area. . The younger supracrustal sequence crops out in the southern and southwestern part of the area, and older supracrustals crop out in the northern part of the area, and comprise the 1·51-1·50 Ga meta-rhyolites and includes quartzites (some of which have been erroneously correlated with those of the older sequence; Laajoki et metabasalts of the Rjukan group (Dahlgren et al., 1990a; Sigmond, 1998 Sigmond, ), with unconformably overlying quartzitic al., 2000 , and the mixed volcanic and sedimentary sequences of the Bandak and Heddal groups. Volcanic metasediments (Dons, 1960 Falkum, 1982; Berthelsen et al., 1996; been dated to >1·15 Ga (Dahlgren et al., 1990a; Laajoki Padget & Brekke, 1996; Sigmond, 1998; Nordgulen, et al., 2000, in preparation) . South of the supracrustal 1999). area, the Telemark Sector consists of granitic gneisses of A considerable set of Hf isotope data from the Archaean uncertain origin (e.g. Ploquin, 1972; Kleppe, 1980) and and Svecofennian domains of the Baltic Shield has been late Sveconorwegian granitic intrusions (e.g. Sylvester, published by Patchett et al. (1981) and Vervoort & Patchett 1998; Andersen et al., 2001a Andersen et al., ). (1996 ; however, no data from TIB granitoids or from the The Bamble Sector (B in Fig. 1 ) consists of meta-Southwest Scandinavian Domain have been published. sedimentary gneisses and quartzites, associated with quartzofeldspathic orthogneisses and metagabbroic rocks (Starmer, 1985; Padget & Brekke, 1996; Knudsen, 1997; Andersen et al., 2001c) . Metamorphism in the upper amphibolite to granulite facies (Nijland, 1993; Knudsen, Hf ISOTOPE SYSTEMATICS 1996) has been dated to >1100 Ma (Kullerud & Ma- The material studied chado, 1991; Kullerud & Dahlgren, 1993) . The Bamble The zircons analysed in the present study were separated Sector is separated from the Telemark Sector by a major from (meta)igneous rocks ranging in age from 0·93 to Sveconorwegian shear zone (the Porsgrunn-Kristiansand 1·67 Ga, i.e. covering the whole age range of preserved shear zone; PKS). The Tromøy complex is a rocks in the Precambrian of south Norway (Table 1) . In Sveconorwegian island-arc fragment, characterized by addition, two well-dated detrital zircon fractions from granulite-facies low-K mafic to tonalitic gneisses and Telemark quartzites have been included, one of which anatectic trondhjemite (Knudsen & Andersen, 1999 ; An-(1·8 ± 0·1 Ga, from the >1·15 Ga Vallar Bru formation; dersen et al., 2001c) . The age of the igneous protoliths de Haas et al., 1999) represents a source of clastic material is >1·20 Ga, whereas high-grade metamorphism and of importance in the region, older than any rocks exposed anatexis took place at 1·13 Ga (Knudsen & Andersen, at the present-day surface (Knudsen, 1997) . The other, 1999) .
from the >1·5 Ga Heddersvatn formation, contains The Rogaland-Vest Agder Sector (RVA in Fig. 1 ), is zircons of an age close to the depositional age, which made up mainly of granitic gneisses with minor amounts must have been derived from source rocks belonging to of metasedimentary rocks (Falkum, 1982; Bingen et al., the Rjukan group (Andersen & Laajoki, in preparation). 1993; de Haas et al., 1999) , and is separated from the A summary of the main characteristics of the rocks Telemark Sector to the east by the Mandal-Ustaoset sampled is given in Table 1 , and further details on shear zone (MANUS line), which is probably older individual samples are shown in Appendix 1. than >1120 Ma, but which was reactivated during the Zircons have moderately elongated euhedral prismatic Sveconorwegian orogeny (Sigmond, 1998) . The 930 Ma habits, with terminal pyramid faces. The central parts of anorogenic Rogaland igneous complex (Michot, 1960;  the grains show regular oscillatory 'magmatic' zoning; Schärer et al., 1996; Schiellerup et al., 2000) , comprising infrequent xenocrystic cores show oscillatory zoning voluminous anorthosites and associated mafic intrusive crosscut by the enclosing grain. In many cases, zircons rocks, makes up the southwesternmost part of the Rowere mounted too deep in the epoxy disc to expose small, galand-Vest Agder Sector (Fig. 1, inset) . xenocrystic cores (this was done on purpose to prevent Several generations of mid-to late Proterozoic gran-'blowout' of grains during ablation and to ensure maxitoids are recognized in south Norway, including >1·67 imum ablation time). In such cases, the presence of Ga TIB equivalents in the Solør complex (Nordgulen, isotopically distinct cores could be identified from shifts 1999), mid-Proterozoic calc-alkaline intrusions (1·60-in the time-resolved isotopic ratio profiles. Both visible 1·50 Ga; Nordgulen et al., 1997; Andersen et al., 2001a, cores and zircons identified as inherited from their iso2001c), 1·48 Ga granites in the Telemark Sector (Antopic compositions are moderately abundant in the late dersen et al., 2001b), three groups of deformed Sveconorwegian granites, but are rare in any of the other Sveconorwegian granites (Bingen & van Breemen, 1998) , groups of samples studied. The 1·48 Ga Tinn granite and undeformed, late Sveconorwegian 'post-tectonic ' and some of the Mesoproterozoic calc-alkaline granitoids granites (Killeen & Heier, 1975; Andersen et al., 2001a) .
contain a few cored zircons, whose cores are only slightly Both mid-Proterozoic calc-alkaline granitoids and late (10-20 Ma) older than the enclosing zircon and the host Sveconorwegian granites are widely distributed in the rock (Andersen et al., 2001c) . Most zircon grains from preregion (Fig. 1) , and are thus important indicators of Sveconorwegian rocks have thin back-scattered electron crustal evolution. The mid-Proterozoic calc-alkaline gran-(BSE)-bright overgrowths, which are generally too thin itoids are abundant in the Østfold-Akershus, Bamble for analysis (<10 m). These are assumed to have formed and parts of the Kongsberg sectors, but do not occur in the Telemark and Rogaland-Vest Agder sectors (Dons in response to Sveconorwegian metamorphism. Hf. This correction is relatively homogenized whole-rock powders by standard ion ex-straightforward for the Nu Plasma, because the mass bias change procedures. The isotopic composition of Nd was of the instrument is independent of mass over the mass determined by mass spectrometry, using a fully automated range considered here (Griffin et al., 2000 Hf is 0·282161 ± 21 (n = 208). Analysis of this ablation microprobe, attached to a Nu Plasma multi-solution spiked with different levels of Yb shows that collector ICPMS system, at Macquarie University. The good precision and accuracy are obtained on the The accuracy of the Yb and Lu corrections during the laser-ablation cell via a mixing chamber to the ICPMS LAM-MC-ICPMS analysis of zircon has been demtorch.
onstrated by Griffin et al. (2000) ; analyses of a standard The Nu Plasma MC-ICPMS system features a unique zircon 61.308, which has a wide range of (Table 2 ). The accuracy and precision of the laserusing an electrostatic zoom lens. For this work we ana-ablation analyses of Hf for mass bias. Initial setup of the instrument was per-is ±0·00003, equivalent to an analytical uncertainty of formed using a 1 ppm solution of JMC475 Hf, spiked one epsilon unit; on smaller zircons, with shorter run times, larger uncertainties are measured (Table 2) . with 80 ppb Yb, which typically yielded a total Hf beam 
0·282975

0·000050
Yb and Lu concentrations of zircons by LAM-ICPMS; TIMS data from Wiedenbeck et al. (1995) . n.a., not analysed.
* Hf signal was 5-10 V for 0·1 ppm solution using MCN6000; 9-18 V for 1 ppm solution using Meinhard nebulizer. Hf is ±10% or the isotopic composition of individual magma batches less; at the Lu/Hf ratios considered here ( Table 3 ), this that contributed to the final magma that crystallized contributes an uncertainty of <0·1 Hf unit.
the bulk of the analysed zircons. Such magma mixing For the calculation of Hf values, we have adopted the has been documented in detailed studies of single chondritic values of Blichert-Toft & Albarède (1997) . magmatic complexes (Griffin et al., 2002) . In some These values were reported relative to 176 Hf/ 177 Hf = cases it is reflected in Hf-isotope zoning within single 0·282163 for the JMC475 standard, well within error of zircon grains, whereas in others it shows up as a range our reported value ( Hf (0·28325) (<0·006) for all samples. The Lu-Hf whole-rock solutions similar to that of average mid-ocean ridge basalt (MORB) give significantly lower analytical errors in the Lu/Hf over 4·56 Ga; in the time-interval of interest for this ratio than the laser analyses (Fig. 2b) . This is because study, this mantle evolution curve is indistinguishable Lu/Hf ratios commonly vary significantly on the scale of from the f Lu/Hf = 0·16 curve of Vervoort & Blichert-Toft microns across single zircon grains, reflecting oscillatory (1999) . Hf except perhaps in by Laajoki et al. (2000, in preparation) . These Hf separates very old zircons. The precision with which the mean were analysed on the Nu Plasma MC-ICPMS system at Lu/Hf ratio can be measured by LAM-MC-ICPMS is Macquarie University. Samples were taken up in 1 ml constrained by this internal variation, which reflects a HNO 3 and aspirated through a CETAC MCN6000 real geological uncertainty. This geological uncertainty desolvating nebulizer. The data are reported relative to is lost during the solution analysis of a zircon, which our value of 0·282160 for the JMC457 Hf standard.
yields an average value of Lu/Hf with a greater, but Calculation of sample averages, zircon and whole-spurious, precision constrained only by the analytical rock model ages were carried out using Microsoft Excel technique. However, because Lu/Hf is so low in zircon, spreadsheets written by the authors.
the dominant source of error in time-corrected 176 Hf/
177
Hf analyses is the analytical error in the isotopic ratio, and not the error in the element ratio.
The depleted mantle model age (t DM ) of a mineral or RESULTS rock in the continental crust reflects the time since the hafnium contained by the system was last in isotopic Lu-Hf isotope data for a total of 571 single zircons are plotted by chronological or petrological group in equilibrium with a depleted mantle reservoir; t DM is therefore an estimate of the crustal residence age for the Fig. 2 , which also includes published data from the Svecofennian Domain (Patchett et al., 1981; Vervoort protolith Hf ratios of a zircon (t DMZ ) gives only a minimum limit for the crustal residence age of the downloading from the Journal of Petrology Web site at http://www.petrology.oupjournals.org or by request to hafnium in the zircon (Fig. 3a) . Hf deviates a Lu/Hf ratio corresponding to the whole-rock through the zircon initial ratio. By combining the average significantly from the average ratio of the main zircon Hf from Table 4 . The two samples from the Justøy complex give averages plotting slightly above the depleted mantle curve, and thus give t DMW less than the intrusive age. Hf (t) is calculated at the ages given. Patchett et al. (1981) and Vervoort & Patchett (1996) . Hf from zircons with whole-rock Lu/Hf ratios from Telemark metasediments and for non-detrital samples for which no whole-rock trace element data are (Table 4) Hf and the present study (Fig. 3) . For the detrital zircon samples VOLUME 43 NUMBER 9 SEPTEMBER 2002 Hf from Table 3 . Nd values are calculated at ages given in (Fig. 2c ) and model ages (t DMW = 1·5-1·9 Ga). Zircons from the late Sveconorwegian granites, and the detrital zircons from the Vallar Bru formation (Fig.  2d and e) were analysed in grain mounts originally prepared for secondary ion mass spectrometry (SIMS). The grains in these mounts were small, and polished to a much deeper level than in the other mounts, and as a result many of them gave shorter laser ablation runs, and hence poorer internal precision. This effect is particularly strong for the Vallar Bru zircons (Fig. 2e) .
The late Sveconorwegian granites (Fig. 2d) which overlap with the range observed among rocks from the Svecofennian Domain (Fig. 2e and f ) , and which give t DMW >2·1 Ga.
New Sm-Nd data on calc-alkaline gneiss complexes a representative crustal 176 Lu/ 177 Hf ratio. In Table 3 and are given in Table 4 ; Sm-Nd data for other rock units Fig. 3b , t DMW for such samples was calculated using 176 Lu/ 177 Hf = 0·010, which is the average of the whole-rock analysed for Hf isotopes in this study were published by Hf of the mid-Proterozoic and Andersen et al. (2001a) . Several studies have demonstrated positive correlations between tonalitic to granodioritic rocks falls within a range from 0·2819 to 0·2821. There is no systematic trend of initial initial Hf and Nd isotopic compositions in juvenile rocks, as well as in rocks with a crustal prehistory (e.g. Vervoort
176
Hf/
177
Hf with age during this time-interval (Fig. 2a) . The two samples from the Justøy tonalite have the highest & Patchett, 1996; Vervoort et al., 1999; Vervoort & Blichert-Toft, 1999 Hf of this group. t DMW model ages based on sample averages range from close to the intrusive age for analysed in this study plot close to the correlation lines for both granitic and juvenile systems (Fig. 4) . The only the Justøy complex to 1·8 Ga for intrusions in the Østfold-Akershus Sector.
sample plotting far outside this range is a garnet-bearing Hf ± 2SD. Sample symbols are as in Fig. 1 , with additional whole-rock and zircon data from Svecofennian granites (Vervoort & Patchett, 1996; Patchett et al., 1981) . Growth-curves are shown for CHUR (BlichertToft & Albarède, 1997) and depleted mantle (DM, Griffin et al., 2000) . The diagonally ruled field surrounding the depleted mantle curve represents a range of compositions of ±3 Hf units, comparable with the range in present-day MORB. Mid-Proterozoic juvenile crust, corresponding to the 1·60-1·52 Ga calc-alkaline gneiss complexes will develop with time within the field delimited by the dash-dot lines. (Vervoort & Patchett, 1996) ; 2, the granite correlation line of Vervoort & Patchett (1996) ; 3, correlation line for juvenile rocks according to Vervoort & Blichert-Toft (1999) . Svecofennian crust and the mid-Proterozoic calc-alkaline The shaded fields represent the range of Svecofennian rocks at 1·6 Ga gneisses recalculated to 1·0 Ga (Fig. 3b) , suggesting that Nd ratio of 0·2789, in Telemark have been plotted at an age of 1·80 Ga, and it is likely that garnet controls the whole-rock Sm-Nd corresponding to the U-Pb SIMS age of the old popusystematics of the vein, whereas the zircons may have lation of detrital zircons identified by de Haas et al. (1999) , been preserved from the protolith; combining a wholewhereas inherited zircons in the late Sveconorwegian rock Nd with Hf of zircons may not be justified for this granites, which have not been dated, have been plotted sample. The initial compositions of the late Sveconorwegian granites plot to the high Nd -high Hf side of both at the intrusive age of the host granite.
The zircons and whole rocks from the Svecofennian Domain of the Baltic Shield analysed by Patchett et al. (1981) and Vervoort & Patchett (1996) Hf for continental rocks belonging to the pre-1·7 Ga Baltic Shield. The 1·8 Ga detrital zircons from the younger Telemark supracrustals fall within this field, supporting the conclusion of de Haas et al. (1999) that these zircons had a Svecofennian or TIB-related source.
The mid-Proterozoic calc-alkaline gneiss complexes plot within ±3 Hf units of the depleted mantle curve of Griffin et al. (2000) . Because of the global scarcity of juvenile rocks of mid-Proterozoic age, the Hf-isotopic evolution of the depleted mantle was not previously constrained by data between 1·7 and 0·7 Ga (Vervoort & Blichert-Toft, 1999) . The mid-Proterozoic tonalitic to most depleted initial Hf isotope signature of this group, with averages plotting slightly above the depleted mantle curve. This may suggest a systematic geographical dis-limit of the 1·5-1·6 Ga crust. Knudsen & Andersen tribution within the region, with more primitive rocks (1999) interpreted Nd, Sr and Pb data from Tromøy as situated to the present SW, in a more distal setting with evidence of mixing of juvenile mantle material and pelagic respect to the mid-Proterozoic continental margin (Fig. sediments in a subduction zone offshore from the Baltic 6).
Shield. The present data are compatible with this inWith time, juvenile crust generated at a destructive terpretation, but do not provide additional constraints plate margin at 1·52-1·60 Ga will evolve towards on the process. From their Hf isotope signature, the increasing 176 Hf/
Hf within the field of '1·5-1·6 Ga parent magmas of the Gjeving augengneiss and the 1·15 crust' in Fig. 5 . Crustal protoliths generated in this event Ga Telemark rhyolites may have been derived from are likely to be volumetrically important in SW Sweden, different combinations of depleted mantle-derived maand in the Østfold-Akershus, Kongsberg and Bamble terial, calc-alkaline crust, older continental rocks and, in sectors of south Norway. The >1·5 Ga rocks from the case of the younger Telemark rhyolites, also 1·5 Ga Telemark (1·48 Ga Tinn granite and detrital zircons of the Telemark rhyolites and granites. From Sr and Nd isotope Heddersvatn formation) form another tightly clustered data, Simonsen (1997) suggested that the Gjeving augengroup in terms of hafnium isotopic signature. Outlying gneiss formed by mixing of a 1·15 Ga mantle-derived zircons from the Tinn granite plot above the mantle component and a shallow-crustal component similar to curve, giving independent support for juvenile, mantle-the metasedimentary gneisses of the Bamble Sector derived material being involved in its petrogenesis. After (Knudsen et al., 1997a) , which is in agreement with the their formation, the mid-Proterozoic rocks from Tele-Hf isotope data. mark have evolved along growth curves indistinguishable from those of calc-alkaline crust formed in the slightly earlier subduction-related tectonomagmatic event(s) ( Hf <0·2820 (Fig.  5) . Such rocks are exposed within the Trans-Scandinavian likely to have been involved in the petrogenesis of the late Sveconorwegian granites in the Telemark and Ro-Igneous Belt and the Svecofennian Domain, where they may have provided a source for far-transported detrital galand-Vest Agder sectors, as no such rocks have been recorded in these areas (Dons & Jorde, 1978; Falkum, zircons;  for example, to the younger clastic sediments in Telemark (de Haas et al., 1999) . However, the recognition 1982; Padget & Brekke, 1996; Sigmond, 1998; de Haas et al., 1999) .
of material with 1·7-1·9 Ga crustal residence age within the source of late Sveconorwegian granites (Andersen et Whole-rock Sr-Nd-Pb isotope data on late Sveconorwegian granites from the entire region define al., 2001a), and the presence of inherited zircons with a Baltic Shield Hf isotopic signature (Fig. 5) suggest that mixing trends between crustal components and a component with a juvenile isotopic signature (Andersen et similar rocks are also present in the deep crust of south Norway, where they most probably make up the 'Normal al., 2001a): a Palaeoproterozoic crustal component was involved in the petrogenesis of the granites plotted as Deep Crust' component identified by Andersen & Knudsen (2000) . This regional crustal endmember is shaded circles in Fig. 5 , whereas material equivalent to the Rjukan group rhyolite or the 1·48 Ga Tinn granite characterized by elevated incompatible element concentrations, close to an average 'upper continental crust' contributed to the 'low Sr , 1990a; Brewer & Menuge, 1998; Nijland et al., 2000) A schematic tectonic scenario for the western margin of and in Sveconorwegian time (e.g. Dahlgren et al., 1990b ; the Baltic Shield in the mid-Proterozoic is shown in Fig. Munz & Morvik, 1991a , 1991b de Haas et al., 2000) , 6. The sketch is based on a model by Starmer (1996) , which suggests that mafic underplating may have taken modified to account for the results of Andersen & Knudplace during either or both of these periods.
sen (2000), Andersen et al. (2001a Andersen et al. ( , 2001c , Bingen et al. The Hf isotope data are compatible with this petro-(2001) and the present work, which indicate the presence genetic model, and provide some further constraints for of pre-1·7 Ga crustal protoliths in the Telemark and the timing of mafic underplating. Inherited zircons with Rogaland-Vest Agder sectors. There is evidence of calcHf isotopic compositions well within the range of pre-alkaline magmatism in the Southwest Scandinavian Do-1·7 Ga Baltic Shield protoliths at the time of granite main from >1·66 to 1·50 Ga, suggesting long-lived emplacement (Fig. 5) suggest the involvement of such subduction off the continental margin (Brewer et al., old source rocks in the generation of granitic magma. 1998; Nordgulen, 1999; Andersen et al., 2001c) . With the The high average 176 Hf/ 177 Hf in some of the granites exception of the rocks of the Stora Le-Marstrand and (Otternes, Gunnarstul, Rosskreppfjord) , and the overall Østfold supracrustals and the rocks of the Kongsberg range towards even more elevated 176 Hf/ 177 Hf in the complex, which show a tholeiitic character suggesting an Otternes granite, suggest that mantle-derived material oceanic island-arc environment ( Jacobsen, 1975 ; Brewer may have been introduced significantly later than 1·50 et al., 1998; Andersen et al., 2001c) , calc-alkaline rocks Ga, perhaps as late as 1·2-1·15 Ga, the time of early formed throughout this period have a rather uniform Sveconorwegian mafic magmatism and the younger major and trace element signature. This signature sugperiod of volcanism in Telemark (Munz & Morvik, 1991a , gests an immature to moderately mature volcanic arc 1991b; Laajoki et al., 2000) . This does not exclude the setting at a continental margin (Brewer et al., 1998 ; additional presence of older, mafic material within the Andersen et al., 2001c) . The present Hf isotope data are unexposed crust in the region; juvenile material was also consistent with a major contribution of material derived involved in the 1·51-1·48 Ga magmatism in Telemark from a depleted mantle source in these rocks. (Andersen et al., 2001a (Andersen et al., , 2001b .
When calc-alkaline magmatism ended at >1·50 Ga, extensional basins were forming in the Telemark Sector, with anorogenic, rhyolite-dominated volcanism (Menuge The presence of pre-1·7 Ga continental & Brewer, 1996) , possibly in response to a separate, rocks west of the Oslo Rift continental rifting event .
Accepting the accumulated evidence that south NorThroughout the mid-to late Protoerozoic, evolved continental rocks older than 1·7 Ga have acted as a potential way west of the Oslo Rift is an integral part of the Baltic Shield (Andersen et al., 2001a (Andersen et al., , 2001c Bingen et al., 2001) , the profiles are indicated in Fig. 7 . The profiles are based on the the present-day crustal configuration in the region must distribution of geochemically distinct reservoirs in the continental reflect Sveconorwegian terrane displacement (Fig. 7) . crust in south Norway derived by Andersen & Knudsen (2000) , radiogenic isotope data from late Sveconorwegian granites from
The boundary between the mid-Proterozoic calc-alkaline Andersen et al. (2001a) , and the data of the present work. (See terrane(s) in the Kongsberg and Østfold-Akershus sectors, further discussion in the text.) and the rocks of continental affinity in the Telemark Sector (KTB) is one of the fundamental, sinistral strikeslip boundaries in the region; the MANUS line may be another (Starmer, 1996) . In Fig. 7 , two alternatives for on both sides of the Oslo Rift and the major Sveconorwegthe position of the KTB are shown: S1 west of the ian lineaments in the region (Andersen & Knudsen, 2000 ; Kongsberg gneiss complex (Andersen et al., 2001c; Fig. Andersen et al., 2001a; this study) . Along the NE-SW 1) and S2 further east (Bingen et al., 2001) . If future work section (Fig. 8a) , the Mjøsa-Magnor mylonite zone on the poorly constrained mid-Proterozoic calc-alkaline (MMS) separates exposed rocks of the Trans-Scangneisses of the Kongsberg complex confirms a correlation dinavian Igneous Belt (Solør complex) from mid-Protwith the rocks of the Østfold-Akershus Sector, a position erozoic calc-alkaline rocks, possibly deposited on an older west of the Kongsberg complex, as schematically in-continental margin basement that may consist of TIBdicated by S1, is the most realistic solution.
related rocks (Nordgulen, 1999 Fig. 7 . The profiles take into account evidence of Sveconorwegian strike-slip terrane dis-a continental signature, and a possible affinity with the older quartzites in Telemark and metasediments in the placement along the western margin of the Baltic Shield (de Haas et al., 1999; Bingen et al., 2001) , and geochemical Bamble Sector (Å häll et al., 1998; Andersen & Grorud, 1998; Bingen et al., 2001) . The northern and central indications that rocks with an evolved chemical character and a crustal history to 1·7-1·9 Ga are present at depth, parts of the Telemark Sector are built up of the older VOLUME 43 NUMBER 9 SEPTEMBER 2002 (>1·50 Ga) and younger (>1·15 Ga) supracrustal se-Norway from >1·7 to 0·9 Ga demonstrate the importquences, deposited on an unidentified basement. How-ance of the Hf isotopic evidence for the understanding ever, the presence of late Sveconorwegian granites of the evolution of the continental crust, on a regional derived from Palaeoproterozoic source rocks within this as well as on a global scale. By using the LAM-ICPMS area points to the presence of 1·7-1·9 Ga basement rocks approach, the necessary number of high-quality analyses beneath the supracrustal cover (Andersen et al., 2001a) . can easily be obtained, and spatial resolution can be West of the MANUS shear zone, rocks of the younger achieved. supracrustal sequence are deposited on a gneissic baseNew insights gained from the study of Hf isotope ment. Again, data from late Sveconorwegian granites systematics in zircons of Precambrian rocks from south suggest the presence of Palaeoproterozoic rocks in the Norway include the following. lower crust west of this shear zone (Andersen et al., 2001a) .
Individual igneous rocks contain zircons with a range In the north-south section (Fig. 8b) Hf significantly larger than the analytical is interpreted as a Sveconorwegian nappe, thrust above uncertainties. This probably reflects the 'assembly' of the the gneisses of south Telemark, in agreement with the magmas from several batches of magma derived from classical interpretation of the Kristiandsand-Porsgrunn different source rocks, including the depleted mantle and shear zone (PKS, e.g. Smithson, 1963) . This also is different types of older crust. This detailed information consistent with recent findings that indicate an early is revealed by single-grain in situ analysis of zircons, but phase of top-towards-NW displacement on this shear would be lost in the analysis of whole rocks or zircon zone (Andresen & Bergundhaugen, 2001; Bergundcomposites, as Haas et al., 1999; Andersen et al., 2001a) . The source may have been transported from exposed rocks presence of a component with a long crustal history in to the east of the area studied, but the presence of such the late Sveconorwegian Herefoss granite ; this study) cannot be taken as evidence that the components in the deep crust of the Telemark and supracrustal rocks of the Bamble Sector were deposited Rogaland-Vest Agder sectors is demonstrated. on a continental basement, as the granite penetrates the Juvenile, calc-alkaline crust generated in the mid-ProtKristiandsand-Porsgrunn shear zone (Smithson, 1963) , erozoic is present in the Østfold-Akershus, Kongsberg and the magma was probably generated within the and Bamble sectors, and is characterized by initial 176 Hf/ footwall, consisting of south Telemark gneisses.
Hf ratios close to depleted mantle values at the time. The rocks of the Tromøy complex are regarded as Material derived from a depleted mantle source also was being in tectonic contact with the rocks of the mainland involved in the petrogenesis of the Rjukan group volcanic Bamble Sector. A thrust-plane separating the Tromøy rocks and associated rocks in the Telemark Sector. complex from the rocks of the Bamble Sector sensu stricto Sveconorwegian granitic rocks formed by interaction has not yet been recognized in the field (see Padget & of mid-Proterozoic and Svecofennian continental comBrekke, 1996) , but may tentatively be related to the ponents with material derived from a depleted mantle boundary between metamorphic zones C and D of Field source. The lower crust was rejuvenated by mafic underet al. (1980) . These zones have both been affected by plating during the Sveconorwegian orogeny. Sveconorwegian granulite-facies metamorphism and Rocks with a crustal history to the early Proterozoic local anatexis, and differ mainly in their protolith comand a continental geochemical signature are present at positions (Knudsen & Andersen, 1999) . Alternatively, the depth in the Telemark and Rogaland-Vest Agder sectors, boundary may be under the water separating Tromøy i.e. west of the juvenile mid-Proterozoic areas of the and neighbouring islands from the mainland.
Kongsberg and Østfold-Akershus sectors. This supports a Cordilleran-type model for the mid-Proterozoic evolution of the margin of the Baltic Shield, followed by southward displacement of terranes along the Baltic CONCLUSIONS margin during the Sveconorwegian orogeny, as suggested by Starmer (1996 ), de Haas et al. (1999 and Bingen et Hafnium isotope data on zircons separated from samples covering the evolution of the continental crust in south al. (2001) . 
